Weak hydrogen bonding motifs of ethylamino neurotransmitter radical cations in a hydrophobic environment: infrared spectra of tryptamine + -(N 2 ) n clusters (n r 6) -(N 2 ) 2 reveals that the total stability of these types of clusters is not only controlled by the local H-bond strengths between the indolic NH group and the N 2 ligands but also by a subtle balance between various contributing intermolecular interactions, including local H-bonds, charge-quadrupole and induction interactions, dispersion, and exchange repulsion. The systematic spectral shifts as a function of cluster size suggest that the larger TRA + -(N 2 ) n clusters with n = 3-6 are composed of the strongly bound TRA + -(N 2 ) 2 (2H) core ion to which further N 2 ligands are weakly attached to either the p electron system or the indolic NH proton by stacking and charge-quadrupole forces.
Introduction
Biological processes in a living cell, such as molecular recognition, protein folding, and catalytic biochemical reactions, are largely controlled by the interactions of biomolecular structures with water. 1, 2 On the other hand, many biomolecules and biopolymers, such as proteins and phospholipids, contain hydrophobic parts which avoid interactions with water. In some cases, such hydrophobic parts induce entropic forces as well as dispersion forces, leading to precise molecular recognition and protein folding. generated in a supersonic expansion is an ideal tool to directly probe local H-bonding structures by eliminating thermal and environmental effects which give rise to spectral complexity. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The combination with mass spectrometric techniques allows for the investigation of the effect of stepwise solvation on the structure of the H-bonded network.
Here, we report infrared photodissociation (IRPD) spectra and quantum chemical calculations of mass-selected clusters of the tryptamine (TRA) cation microsolvated by a controlled number of nitrogen molecules, TRA + -(N 2 ) n with n = 1-6, to characterize the microsolvation of this prototypical ethylamino neurotransmitter radical cation in a nonpolar solvent. This cluster system has been chosen for the following reasons. TRA belongs to the family of aromatic ethylamino neurotransmitters and is an analogue of serotonin and the amino acid tryptophan. The flexible ethylamino side chain attached to the indole chromophore gives rise to several low-energy conformers of TRA. These conformers and their H-bonding interaction with water have been investigated in detail. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Seven stable conformers of neutral TRA in the S 0 ground electronic state are observed under supersonic jet conditions. 17 IR spectroscopy combined with quantum chemical calculations has revealed that the predominant TRA conformer in S 0 is Gpy(out), which has a gauche conformation with the side chain oriented toward the pyrrole side of indole and the lone pair of the amino group pointing away from indole (see ref. 17 for the notation of the isomers of TRA). The potential energy barriers between the various TRA conformers have been determined using stimulation emission pumping-population transfer spectroscopy. 18 In the S 0 state of TRA-H 2 O, however, only a single conformer, Gpy(out), is observed. 19, 20 This result implies that the seven conformers of isolated TRA collapse into a single conformer in TRA-H 2 O by conformational locking induced by a single H-bonded water ligand. 20 Gu and Knee reported the zero kinetic energy (ZEKE) photoelectron spectra of TRA and the photoionization efficiency (PIE) and fragmentation spectra of TRA [47] [48] [49] will reveal the effects of the charge distribution on the orientation of the side chain and the intramolecular NH-p interaction. The present study provides a detailed analysis of the IRPD spectra of TRA + -(N 2 ) n (n = 1-6) with quantum chemical calculations including a natural bond orbital (NBO) analysis to obtain insights into the intermolecular interactions acting on this prototypical aromatic neurotransmitter cation in a nonpolar environment.
Experimental and computational methods
IRPD spectra of mass-selected TRA + -(N 2 ) n cluster ions are recorded in a tandem quadrupole mass spectrometer coupled to an electron impact ionization source and an octopole ion trap. 13, 32, 50 Cold TRA + -(N 2 ) n clusters are produced in a pulsed supersonic expansion by electron and/or chemical ionization of TRA close to the nozzle orifice and subsequent clustering reactions. The expanding gas mixture is produced by passing N 2 carrier gas (5 bar) through a reservoir filled with TRA heated to 410 K. A typical mass spectrum of the ion source is shown in Fig. 1 . Calibration of the IR laser frequency (n IR ) accurate to better than 1 cm À1 is accomplished using a wavemeter.
Resonant excitation into vibrational resonances induces the evaporation of N 2 ligands, according to:
The rupture of the weak intermolecular bonds is the only fragment channel observed. TRA + -(N 2 ) m fragment ions are selected by the second quadrupole and monitored using a Daly detector as a function of n IR to obtain the IRPD spectra of the TRA + -(N 2 ) n parent clusters. In general, laser-induced dissociation of TRA + -(N 2 ) n leads to a narrow range of TRA + -(N 2 ) m fragment channels (indicated as n -m), and this information will be used to estimate the binding energies of the ligands. 32 To establish and confirm the composition of a given cluster ion, collision-induced dissociation (CID) spectra are recorded. For this purpose, the octopole is filled with N 2 up to 10 À5 mbar, which results in collisions with B10 eV collision energy in the laboratory frame. Quantum chemical calculations are performed at the oB97X-D/cc-pVTZ level to obtain stable structures, binding energies, harmonic vibrational frequencies, IR intensities, and NBO charge distributions of TRA + -(N 2 ) n with n r 2. 46 The blue shaded band profile of the intense n NH band of the H-bound isomer, with a large width of B25 cm À1 and a band origin close to the P-branch head, is typical for the excitation of a proton donor stretch vibration and thus confirms the isomer assignment. 32, 37, [53] [54] [55] The computed structures of the relevant TRA + -N 2 isomers are illustrated in Fig. 3 , and important parameters are listed in Table 1 . In TRA + -N 2 (H), the N 2 molecule is linearly H-bonded to the indolic NH group, whereas it is attached to the aromatic pyrrole ring of TRA + in TRA + -N 2 (p top ) and TRA + -N 2 (p bottom ).
All attempts to optimize p-bound structures with N 2 binding to the phenyl ring converged to those with N 2 attached to the 
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This journal is © the Owner Societies 2014 ), we assign the free n NH band observed in the IRPD spectrum to both p-bound isomers.
For completeness, we note that the exact position of the non H-bonded N 2 ligand can in fact not be derived from the experimental IRPD spectrum. The only experimental information derived from the small or vanishing n NH frequency shift (vide infra) is that the N 2 ligand does not occupy a H-bonded position. Comparison with related aromatic complexes 32 as well as the current computational studies reveal, however, that the p-binding sites are by far the most stable non H-bonding sites in this type of clusters and thus the favoured assignment. Using the ratios of the integrated band intensities (B20) and the calculated IR oscillator strengths of n NH of the H-bound and p-bound isomers of TRA + -N 2 (B3.5), their relative abundance in the expansion can be estimated and an upper limit of B15% is derived for the population of the p-bound isomers under the present experimental conditions. As previous studies demonstrated that the electron impact source mainly produces the most stable isomer of a given cluster ion, this result clearly indicates that the H-bound isomer is the global minimum, whereas the p-bound dimers are less stable local minima. This conclusion is further supported by the IRPD spectra of larger TRA + -(N 2 ) n clusters and the quantum chemical calculations.
The different orientations of the flexible ethylamino side chain of TRA + give rise to several low-energy conformers (Fig. 4) . In principle, the symmetric and antisymmetric NH stretch vibrations of the amino group in the side chain contain information about its orientation. Unfortunately, these vibrations are too weak to be detected in the IRPD spectra of TRA + -(N 2 ) n in Fig. 2 .
The theoretical search for stable structures of TRA + predicts the Gpy(in) isomer shown in Fig. 4 as the most stable one at the oB97X-D/cc-pVTZ level. Seven stable conformers in the S 0 state have been identified in the S 1 -S 0 excitation spectrum of TRA. Gu and Knee reported the ZEKE and PIE spectra of TRA obtained via the S 1 origins of each neutral conformer. 21 The most stable conformer in the S 0 state, Gpy(out), shows a broad onset in the PIE spectrum, implying a large structural change upon photoionization. DFT calculations at the M06-2X/aug-cc-pVDZ level for stable conformers in the S 0 and D 0 states predict that Gpy(out) in the S 0 state isomerizes toward the most stable Gpy(in) conformer in the D 0 state involving a large conformational change. This result is consistent with the observation of the broad onset in the PIE spectrum and the unresolved ZEKE spectrum of Gpy(out). Thus, all available experimental and computational data are consistent with Gpy(in) being the most stable conformer in the D 0 state. In this work, cationic species are produced by electron ionization, which preferentially generates the most stable conformer in a supersonic expansion. Based on the previous work 21 and our DFT calculations (Fig. 4) , we assume as a working hypothesis that TRA + -(N 2 ) n with n = 1-6 also have the same orientation of the ethylamino side chain as Gpy(in). This scenario is reasonable because the relative energies of the less stable TRA + isomers (4-20 kJ mol À1 ) are large compared to typical N 2 binding energies, so that it is unlikely that N 2 complexation changes the energetic order of the most stable Relative stabilization energies are given in kJ mol
À1
. , the indolic chromophore has a substantial positive partial charge (+0.90 e for Gpy(in)), which prevents the proton of the amino group from interacting with the indole ring. On the other hand, the positive charge in protonated serotonin is mostly localized on the protonated amino group, which strongly favors the intramolecular NH + -p interaction. Unfortunately, the n NH frequency of bare TRA + has not been measured yet. It is, however, well known that p-bonded N 2 ligands hardly affect the properties of the N-H and O-H bonds in aromatic molecules. 46 isomers with x H-bound and y p-bound ligands. Their computed structures are illustrated in Fig. 6 , and important parameters are listed in Table 1 . The theoretical IR spectra predict that two out of the three stable isomers, namely H/p and 2H, have their n NH transitions in the vicinity of the broad band observed in the IRPD spectrum. In the H/p isomer, one N 2 molecule binds linearly to the NH group and the other N 2 ligand is attached to the aromatic ring of TRA + . The negligible interaction between the two N 2 units leads to essentially additive behavior with respect to structural and energetic properties upon sequential View Article Online complexation. On the other hand, in the 2H isomer, the two N 2 molecules are both H-bonded to the NH group in the indolic plane via an asymmetric bifurcated H-bond arrangement. The two H-bonds are, however, not equivalent, with the H-bond of N 2 (1) being stronger than that of N 2 (2). The very different H-bonding motifs in H/p and 2H have largely different n NH frequencies, which thus serve as sensitive indicators for their respective H-bonding arrangements. In contrast to the blue shaded n NH band contour of the TRA + -N 2 (H) dimer (Fig. 2) , the measured n NH transition of TRA + -(N 2 ) 2 shows a red shaded profile with maximum intensity at 3411 cm À1 (Fig. 5) . The broad and asymmetric profile suggests that more than one isomer contributes to the IRPD spectrum of TRA + -(N 2 ) 2 . By comparing the experimental and theoretical IR spectra, the red side of the measured n NH band can be assigned to the H/p isomer, whereas the blue side is attributed to the 2H isomer. The difference between the calculated binding energies of the two isomers is very small (0.2 kJ mol À1 ), which further supports these assignments. The red side of the observed n NH band appears at around 3400 cm À1 , which is only slightly blueshifted by 5 cm À1 from that of the TRA + -N 2 (H) dimer (3395 cm À1 ). This observation is expected because the H-bond of the N 2 (1) ligand in the H/p isomer is similar to that of the TRA + -N 2 (H) dimer, and the p-bonded N 2 (2) ligand hardly affects the H-bond to N 2 (1). On the other hand, the blue side of the observed n NH band in the IRPD spectrum has its maximum intensity at 3411 cm
, which corresponds to a substantial blueshift of 16 cm À1 from that of TRA + -N 2 (H). Hence, the local H-bond strength of the 2H isomer is smaller than that of the H/p isomer, although the binding energies of both isomers are very similar (vide infra). It should be noted that five or six peaks are observed in the experimental n NH spectrum of TRA + -(N 2 ) 2 , although they are currently ascribed to only two isomers. This discrepancy is due to the unresolved rotational band contours and sequence of hot band transitions of each isomer, although we cannot completely rule out that more than the two considered isomers contribute to the measured spectrum.
The indolic n NH mode of the 2p isomer of TRA + -(N 2 ) 2 has a similar frequency (predicted to be 3457 cm À1 , Fig. 5 ) to n NH of TRA + -N 2 (p) and TRA + , because the p-bonded N 2 ligands hardly affect the NH bond strength. The broad n NH band is observed below B3420 cm
, indicating that the 2p isomer can be ruled out as a structural motif for the signals observed for TRA + -(N 2 ) 2 . There is no signal near 3457 cm À1 in the IRPD spectrum, implying that the abundance of the 2p isomer of TRA + -(N 2 ) 2 is below the detection limit. This observation confirms the conclusions drawn from the dimer spectrum that p-bonding to the aromatic ring is much less favorable than H-bonding to the indolic NH group.
The n NH frequencies extracted from the IRPD spectra of TRA + -(N 2 ) n with n = 1-6 ( Fig. 2) are plotted in Fig. 7 as a function of the cluster size. The n NH shifts directly reflect the preferred solvation shell structure, which begins with the solvation of the indolic NH group by two H-bonded N 2 ligands (large n NH redshift followed by substantial blueshift) and continues with attachment of p-bonded ligands (very small incremental blueshifts). The n NH band profiles of the n = 3-6 clusters in Fig. 2 are much narrower and more symmetric than those of n r 2 due to a drastic decrease in the band intensity on the red side. The n NH bands of n = 3-6 centered at 3413, 3415, 3416, and 3416 cm À1 show only minor blueshifts from n NH of the 2H isomer of the n = 2 cluster (r5 cm À1 ). This observation implies that the predominant route for microsolvation of TRA + -(N 2 ) n with n Z 3 proceeds by attachment of weakly bound N 2 ligands to the 2H isomer of n = 2 at the aromatic ring or other weak binding sites located away from the indolic NH group. The general trend of the n NH spectral shifts of TRA + -(N 2 ) n is similar to that observed previously for In + -(N 2 ) n , 46 indicating that the ethylamino side chain has only a minor impact on the microsolvation with N 2 in the size range considered.
Further discussion
3.4.1 NBO analysis. According to the n NH spectral shifts, the preferred H-bonding arrangement of the indolic NH group in TRA + -(N 2 ) n changes with increasing solvation from the formation of a single linear H-bond for n = 1 to the planar bifurcated asymmetric double H-bonded motif for n Z 3. In TRA + -(N 2 ) 2 , both types of H-bond configurations coexist with significant population, i.e., the switch in the preferred H-bonding motif occurs at n = 2. To obtain further insight into the nature of these qualitatively different H-bond configurations, the NBOs are considered for the various isomers of TRA + -(N 2 ) n with n r 2 and compared to those of TRA + -H 2 O (Fig. 8) . In the NBO model, the interaction strength of conventional s-type A-HÁ Á ÁB H-bonds is correlated with the donor-acceptor charge transfer interaction from the lone pair orbital of the B atom of the H-bond acceptor to the antibonding s* orbital of the A-H donor bond. 56, 57 This charge transfer interaction is evaluated by the second-order perturbative energy, E 
i!j Ã energies of the stronger and weaker H-bonds in the 2H isomer are 9.5 and 2.5 kJ mol À1 , respectively. Thus, even the E ð2Þ i!j Ã energy of the stronger H-bond is much smaller than those of the H and H/p isomers, because both H-bonds in the 2H isomer largely deviate from linearity.
Furthermore, the sum of the E ð2Þ i!j Ã energies of the two bifurcated H-bonds (12.0 kJ mol À1 ) in the 2H isomer is also smaller than that of the H/p isomer, consistent with the observation that n NH of the 2H isomer is blueshifted compared to that of the H/p isomer. Hence, the local H-bond strengths in the 2H isomer are smaller than that of the H/p isomer, although both isomers have similar binding energies (19.7 and 19.5 kJ mol À1 ).
This discrepancy is rationalized by other contributions to the intermolecular interaction, in addition to the considered H-bonds. For example, N 2 has a large electric quadrupole moment (À5 Â 10 À40 C m 2 ), so that charge-quadrupole interactions play a significant role in determining the total stabilities of the TRA + -(N 2 ) 2 isomers. In addition, dispersion forces may contribute with different strengths, e.g., for isomers with and without p-bonded ligands. Therefore, the total stability of these isomers is not only determined by the local H-bond strengths but also by a subtle balance between several types of intermolecular interactions, such as local H-bonds, charge-quadrupole, induction, dispersion, and exchange repulsion. The precise spectroscopic data along with their theoretical analysis presented in this study may contribute to a deeper understanding of the weak H-bonding interactions, which play an important role in biological systems. with the formation of a much weaker s H-bond in the former complex. The broad n NH band observed in the IRPD spectrum of TRA + -(N 2 ) 2 is interpreted with the contribution of two stable isomers with roughly similar binding energies but different H-bonding configurations. The red side is assigned to the n NH mode of the H/p isomer, whereas the blue side is attributed to the 2H isomer. The n NH bands of larger TRA + -(N 2 ) n clusters with n = 3-6 show only modest incremental blueshifts from n NH of the 2H isomer, indicating that the microsolvation proceeds by attaching weakly bound N 2 ligands to the central 2H core ion, which exhibits a planar bifurcated asymmetric H-bond configuration. Thus, at the cluster size n = 2, the preferred H-bonding motif in TRA + -(N 2 ) n changes from singly H-bound structures (n = 1) to doubly H-bound structures (n Z 3). Interestingly, the NBO analysis of TRA + -(N 2 ) 2 reveals that the local H-bond strength between the indolic NH group and the N 2 molecule(s) is significantly smaller for the 2H isomer than for the H/p isomer. This result implies that not only the weak H-bonds to the nonpolar N 2 ligands in TRA + -(N 2 ) n determine the total stability of the clusters but a subtle balance between various intermolecular interactions, including local H-bonds, charge-quadrupole and induction interactions, dispersion, and exchange repulsion, controls the total stability. The bifurcated binding motif in TRA + -(N 2 )(2H) with its unique spectroscopic signature (substantial incremental blueshift and red shaded band contour of the NH stretch fundamental) has previously been identified for In + -(N 2 ) 2 (2H) but not for other aromatic ions with NH and OH donors, such as aniline and phenol. Thus, it may be speculated that this binding motif is typical for heterocyclic aromatic cations featuring acidic NH donor groups. Indeed, inspection of the IR spectra of imidazole + -(N 2 ) n clusters reported in ref. 43 also exhibits the spectroscopic signature of the bifurcated binding motif for n Z 2 (although not identified as such in ref. 43) , supporting this hypothesis. 
